Cycle helmets that meet UK and US standards have been tested. The mechanisms of energy absorption for frontal and side impacts have been analysed. A good helmet should protect the wearer for impacts up to 15 mph into a rigid flat surface.
Introduction
A recent editorial in the Lancet points out the need for bicyclists to wear helmets to reduce the fatality rate of 300 per year in the UK1. The Hodgson describes how in this standard the NOC-SAE-Wayne State University headform attempts to match the stiffness of cadaver skulls5. The surface struck (a flat steel plate covered with half an inch of rubber) presumably simulates the turf or other objects struck. Although this rubber covered surface would appear much more compliant than road surfaces, Bishop and Briard concluded that helmets fitted with polystyrene foam liners are superior to those with soft foam liners.
In contrast, Hurt and Thom6 described bicycle helmet testing to the American National Standard Z 90.4 (1984)7. In this standard, the falling headform strikes a rigid flat steel plate or a steel hemisphere of 50mm radius. There is no requirement for the headform rigidity to match that of the human skull; rather 'headforms shall be made of low-resonantfrequency material and shall exhibit no resonant frequencies below 3000Hz'. The impact tests in the recent British Standard BS6863 (1987)8 are similar, except that the hemispherical anvil is replaced by a simulated kerbstone (a cylinder of radius 18 mm). The headform requirement is the same.
If a helmet passes one of these tests, it is a guarantee of a certain minimum level of protection. However, it is not clear what the human equivalent of a rigid headform falling one metre is, nor is it possible to infer the ultimate protective capacity of any design from the test result of a maximum headform acceleration. Therefore, the helmet test conditions have been analysed, and the performance of helmets related to the thickness, geometry and type of foam liner and shells used.
Analysis of helmet testing conditions
In a bicycle accident there are three deformable bodies; the head, the helmet and the object hit. Is it valid to approximate any of these as infinitely rigid? From a knowledge of the magnitude of the forces in helmet testing (the order of 10 kN), and the variability of test results on apparently identical helmets (a variation of ± 10 per cent is typical), it is possible to make reasonable approximations.
The object hit A flat tarmac road surface will be more rigid than most parts of a car structure. Its impact behaviour was measured by dropping a solid aluminium headform onto it, then integrating the signal from the accelerometer attached to the rear face of the headform, using the technique of Gale and Mills9. Figure la and b shows that the road surface deforms by less than 0.7mm at a 15kN force. As this is less than five per cent of the typical liner foam crush distance of 15mm, there will be little error in testing with a rigid steel plate in place of the road surface. Conversely, a steel plate covered with 12.7 mm of rubber is far more compliant than a road surface. 
The test equipment has been described by Gale and Mills9. In it an instrumented steel striker with either a flat or a kerbstone shaped face and falls vertically onto the fixed headform and helmet. The solid aluminium headform can be adjusted in position on a ball joint so that the impact site can cover the range specified in BS 6863 ( Figure 2 ). The impact forces can either be measured from the acceleration of the 5 kg striker, or from the output of a quartz load cell beneath the headform mount.
In the first set of tests, some typical helmets were impacted with the same kinetic energy as if a 5 kg headform plus the helmet mass fell one metre. The impact sites were with a flat striker at the front at the point B 20°above the horizontal AA' plane on the headform, and at the side on the AA' plane with flat and kerbstone strikers. Table 1 gives the test results for impacts at 20'C. When the striker acceleration data is numerically integrated, it provides graphs of the striker force versus the helmet deflection. Figure 3 shows this for the three types of impact on a helmet that has a uniform liner thickness and smoothly curved shell. It is noticeable that the loading part of the response is linear, so the slopes of these loading stiffnesses are also given in Table 1 . The theory described later predicts that the loading stiffness for impacts with a flat surface should be proportional to the radius of curvature of the shell at the impact site, assuming that the foam liner has no holes or grooves in it. The front of helmets 3 to 5 in Table 1 are approximately spherical with a radius about 100 mm, whereas the radius at the side is 140 to 150 mm. Helmets 1 and 2 have flat areas on the front, and in the case of helmet 1 there is a large area of ventilation slots. In three cases in Table 1 There are two main mechanisms by which energy is absorbed in a helmet. Figure 5a and b shows these in relation to a lateral impact site. The first load path to the head is through the yielded foam that is below the contact area with the object impacted. The second is via the elastically deformed shell to surrounding areas of un-crushed foam, and hence to the head. The shape, material and thickness of the shell at the impact point will determine the proportions of force transmitted or energy absorbed via the two routes. In some circumstances, such as a motorcycle helmet hit (4) Nearly all this energy is absorbed by polystyrene foam; typically less than five per cent is returned to the rebounding head.
In the bent shell and elastic part of the foam liner It is difficult to make a precise estimate of the force transmitted this way, but this will not matter if the value is much less than that in the yielded foam liner. One method is to repeat the impact test with an area of foam liner removed under the impact point. The difficulty here is that the cutaway area should increase as the test proceeds. Another approximate method is to perform slow compression tests of the complete helmet between two parallel plates without any headform being present. The difficulty with the latter is that the stress distribution in the shell differs from that in a side or front impact.
However, the values of the static loading stiffness K., given in Table 3 , show that these are much smaller than either the foam crushing spring constant Kf of the last section, or the stiffness of cadaver skulls measured in slow tests. The values in Table 3 should be doubled to produce the stiffness between the contact point and the centre of the headform/helmet in order to be comparable with the Kf values. After doing this they are less than 10 per cent of a typical Kf value, and less than three per cent of the mean lateral cadaver skull stiffness. The Centurion shell is made of a high density polyethylene, has a small area of ventilation holes, and varies in thickness from 3.2 to 4.5 mm. The OGK shell is made of polycarbonate (a stiffer glassy thermoplastic), has a medium area of ventilation holes, and is 2.5 to 3.2 mm thick. These constructions are typical of many bicycle helmets.
Dynamic effects in impacts
It has been found for crown impacts on both industrial helmets and motorcycle helmets that the impact forces are strongly affected by dynamic effects12. This is because the shell is stiffest when loaded at the crown, and the considerable shell mass 
Interpretation of the impact test results
It has been concluded previously in this paper that the loading force-deflection graph from impacts to the side or front of bicycle helmets will be dominated by the polystyrene foam crushing response. This is confirmed by the linear traces in Figure 3 , and the fact that the slope for the frontal tests is lower than for the side impacts on flat surfaces as shown in Table 1 . In some cases there is a step at the start of the force-deflection trace indicating some dynamic contribution to the striker force. Thus for 50J impacts for which ANSI90.4 or BS 6863 helmets are designed, the simple model works well. The maximum deflections are close to the liner thickness but do not exceed it. Some helmets with relatively uniform design are stiffer at the side impact site because of the greater radius of curvature there. Other designs, by having more ventilation holes and/or grooves in the sides of the liner, have roughly equal loading stiffnesses at the front and sides. Whether or not this was intentional, these are better designs.
The limits to the protective capacity of helmets are shown in Figure 4 . The force rises rapidly once the total deflection exceeds the foam thickness. Therefore, a pair of constraints can be placed on the impact diagram:
That the force does not exceed an injurious level, or F-F max That the deflection does not exceed the foam thickness t or
Polymeric foams provide at best linear loading graphs. Hence the largest input area in Figure 4 corresponds to the case where the slope of the graph is Fmax/t. From this we conclude that for an impact of 100 Joules energy with a flat surface, Fman = 10kN, and a foam thickness of 20 mm the loading curve has an optimum slope of 500 N/mm.
Discussion
The impact tests on bicycle helmets have been analysed to show that the main energy absorption mechanism for impact with a flat surface is the crushing of the polystyrene foam below the contact area. anterior-posterior stiffness of 2500 N/mm. McElhaney interprets his mechanical impedance measurements on the front of a cadaver skull with a skull stiffness of 8800 N/mm'0. As the helmet liner and the skull transmit the same forces, the energy which they absorb is inversely proportional to their stiffness. Therefore, if the helmet can absorb 100J, then the skull only absorbs between 10 and 6J. Because of the flexibility of the neck, it is reasonable to treat the head, of mass about five kg, as being unrestrained by the motion of the torso. Thus a 110J kinetic energy of the head means an impact velocity of 6.6m/s or 15mph. This limit applies to component of velocity normal to a rigid surface such as the road or heavy beam on a truck. The conclusion is that a bicycle helmet to a recognised standard provides very valuable protection for the majority of accidents, but it cannot protect the head in a high velocity direct impact.
